Thlaspi goesingense is able to hyperaccumulate extremely high concentrations of Ni when grown in ultramafic soils. Recently it has been shown that rhizosphere bacteria may increase the heavy metal concentrations in hyperaccumulator plants significantly, whereas the role of endophytes has not been investigated yet. In this study the rhizosphere and shoot-associated (endophytic) bacteria colonizing T. goesingense were characterized in detail by using both cultivation and cultivation-independent techniques. Bacteria were identified by 16S rRNA sequence analysis, and isolates were further characterized regarding characteristics that may be relevant for a beneficial plant-microbe interaction-Ni tolerance, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase and siderophore production. In the rhizosphere a high percentage of bacteria belonging to the Holophaga/ Acidobacterium division and ␣-Proteobacteria were found. In addition, high-G؉C gram-positive bacteria, Verrucomicrobia, and microbes of the Cytophaga/Flexibacter/Bacteroides division colonized the rhizosphere. The community structure of shoot-associated bacteria was highly different. The majority of clones affiliated with the Proteobacteria, but also bacteria belonging to the Cytophaga/Flexibacter/Bacteroides division, the Holophaga/ Acidobacterium division, and the low-G؉C gram-positive bacteria, were frequently found. A high number of highly related Sphingomonas 16S rRNA gene sequences were detected, which were also obtained by the cultivation of endophytes. Rhizosphere isolates belonged mainly to the genera Methylobacterium, Rhodococcus, and Okibacterium, whereas the majority of endophytes showed high levels of similarity to Methylobacterium mesophilicum. Additionally, Sphingomonas spp. were abundant. Isolates were resistant to Ni concentrations between 5 and 12 mM; however, endophytes generally tolerated higher Ni levels than rhizosphere bacteria. Almost all bacteria were able to produce siderophores. Various strains, particularly endophytes, were able to grow on ACC as the sole nitrogen source.
Plants have acquired different mechanisms for growth in the presence of heavy metal concentrations usually considered phytotoxic. One strategy includes the accumulation of extremely large amounts of heavy metals. Hyperaccumulating plants are particularly interesting for phytoremediation technologies for the treatment of metal-polluted soils, sediments, and water resources (40) . Several hundred plant species endemic to metalliferous soils have been identified as hyperaccumulators, of which 75% are able to hyperaccumulate Ni when growing in ultramafic soils (5) . Thlaspi goesingense Há-lácsy was first described as a hyperaccumulator by Reeves and Brooks (46) , and plants grown in an ultramafic soil contained Ni concentrations as high as 12,400 g g Ϫ1 of shoot dry biomass Ϫ1 (56) . Although a number of authors have addressed rhizosphere processes of hyperaccumulators, various questions still remain unanswered. Several studies indicated that rhizosphere acidification is not responsible for increased metal uptake (e.g., see references 36 and 39) . So far, root architecture (e.g., see reference 58), effective root uptake systems (e.g., see reference 34) , and partial depletion of labile metals in the rhizosphere (e.g., see reference 45) seem to be the most relevant rhizosphere processes involved in hyperaccumulation. The role of root exudates in metal mobilization is still unclear, and data reported so far are conflicting (45, 47, 57, 60) . Recently it has been shown that rhizosphere microorganisms may play an important role, probably by increasing the availability of heavy metals for plant uptake (2, 59) . Microbes are ubiquitous even in soils with high heavy metal concentrations. High numbers of Ni-resistant bacterial cells were found together with hyperaccumulator plants, whereas a decreased number of cells tolerating only lower Ni concentrations was associated with nonaccumulator plants grown in the same ultramafic soil or in nonrhizosphere soil (12, 49) . Soil microorganisms may improve the metal solubility and availability by reducing the soil pH or by producing chelators and siderophores. Microbial siderophores prevent iron deficiency of the producing organism and of plants but may also be involved in the uptake of other metals (11, 17, 24) . The production of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, an enzyme that has no function in bacteria but modulates ethylene levels in developing plants (21) , may further contribute to the heavy metal tolerance of plants. It is well known that plants respond to environmental stresses by synthesizing "stress" ethylene (1) . Several soil bacteria producing the enzyme ACC deaminase have been identified which reduce the amount of the precursor of ethylene, resulting in decreased ethylene biosynthesis in plants (6, 8, 20) . In addition, plant-associated bacteria may produce phytohormones and provide nutrients to the plant. Besides rhizosphere microbes, endophytes, which colonize a niche similar to that of pathogens but do not cause damage to the plant, also have an intimate relationship with their host and have to tolerate high levels of heavy metal concentrations when colonizing hyperaccumulating plants. Furthermore, endophytic bacteria are known for their beneficial effects on plant growth and health (32, 53) .
The aim of this study was to characterize rhizosphere and endophytic bacterial populations of T. goesingense growing in a serpentine soil in eastern Austria. Since only a minor percentage of naturally occurring microorganisms can be cultured, the plant-associated microflora was analyzed by using a cultivation-independent approach. Bacterial populations were characterized by terminal restriction fragment length polymorphism (T-RFLP), as well as by cloning and sequencing of 16S rRNA genes. Furthermore, Ni-resistant rhizosphere and endophytic bacteria were isolated, identified by partial 16S ribosomal DNA (rDNA) sequencing, and analyzed regarding their tolerance of Ni, as well as siderophore and ACC deaminase production.
MATERIALS AND METHODS
Field site description and sampling of plants and rhizosphere soil. Plant and rhizosphere samples were obtained from a serpentine site in Redlschlag, Austria, previously described by Wenzel et al. (57) . A total Ni concentration of 2,580 mg of Ni kg of soil Ϫ1 was reported, whereas the labile Ni concentrations in the bulk soil and in the rhizosphere of T. goesingense were 7.72 and 5.06 mg of Ni kg of soil Ϫ1 , respectively (57). The sampling time was May 2002 at the flowering stage of the plants. Plant and soil material from the root zone was immediately transferred in polyethylene bags and transported to the laboratory in transportable coolers (4°C).
Isolation of rhizosphere and endophytic bacteria. Soil tightly adhering to roots (2.5 g) was added to 25 ml of 1/10-strength tryptic soy broth and shaken for 2 h at 250 rpm at 28°C. Subsequently, the solution was left without shaking for 1 h in order to allow settling of soil particles. Various 10-fold dilutions were plated on 1/10-strength tryptic soy agar (TSA) (Merck) which was amended with cycloheximide (100 mg liter Ϫ1 ) in order to inhibit fungal growth and different concentrations of NiCl 2 (5 or 10 mM). Plates were incubated for 7 days at 30°C. For the isolation of endophytes, plant material (2 g) was surface sterilized with 5% sodium hypochlorite for 5 min, rinsed four times with sterile, distilled water, dipped in 70% ethanol, and finally flamed. Plant surfaces were checked for their sterility by blotting them tightly on 1/10-strength TSA and incubating plates for 2 days at 30°C. No growth was observed. After flaming the plant material was macerated with 10 ml of 1/10-strength tryptic soy broth and subsequently plated on 1/10-strength TSA plates as described above. Viable cell counts were determined. Furthermore, from the rhizosphere and endosphere of five individual plants up to five Ni-resistant colonies of each morphology type were picked and further analyzed. In total, 50 rhizosphere isolates and 62 endophytic isolates were analyzed.
Isolation of rhizosphere and shoot-associated DNA. Five plant samples were used for the isolation of rhizosphere and shoot-associated DNA. Rhizosphere DNA was isolated as previously described (50) . Briefly, the bacteria of 0.5 g of soil were lysed with lysozyme and bead beating. Phenol-chloroform extraction was used to eliminate proteins, whereas humic acids were precipitated with potassium acetate. Nucleic acids were precipitated with ethanol, and the resulting DNA solution was further purified by passage through spin columns containing Sepharose.
For the isolation of bacterial DNA from shoots, plants (2 g) were surface sterilized as described above. Then, bacterial cells were dislodged from Thlaspi plant tissues prior to DNA extraction by using a slightly modified protocol published by Garbeva et al. (18) . Disinfected sliced plant material was incubated in 50 ml of 0.9% sodium chloride with shaking for 1 h at room temperature. Cells were collected by centrifugation at 10,000 ϫ g and 4°C and resuspended in 4 ml of TN150 buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl). Then, 0.3 g of 0.1-mm acid-washed glass beads (Sigma) were added to aliquots of 0.8 ml, and bead beating was performed twice for 1 min at full speed with an interval of 30 s (type MM2000, 220 V, 50 Hz; Retsch GmbH & Co. KG, Haam, Germany). After extraction with phenol and chloroform, nucleic acids were precipitated with a 0.1 volume of 3 M sodium acetate solution (pH 5.2) and a 0.7 volume of isopropanol for 20 min at Ϫ20°C. Nucleic acids were centrifuged for 10 min at 10,000 ϫ g, washed, and dried. Finally, the DNA was resuspended in 60 l of Tris-EDTA containing RNase (0.1 mg ml Ϫ1 ). It can be assumed that this DNA derives mainly from endophytes but may also contain nucleic acids from phylloplane bacteria.
T-RFLP analysis. Rhizosphere partial 16S rRNA gene sequences were amplified with a thermocycler (PTC-100; MJ Research, Inc.), using an initial denaturing step of 5 min at 95°C followed by 30 cycles of 30 s at 95°C, 1 min of annealing at 54°C, and a 2-min extension at 72°C. PCR mixtures (50 l) contained 0.5 l of extracted DNA, 1ϫ reaction buffer (Gibco, BRL), 200 M (each) dATP, dCTP, dGTP, and dTTP, 2 mM MgCl 2 , and 2.5 U of Taq DNA polymerase (Gibco BRL), and 0.2 M concentrations of the primers 8f (5Ј-AG AGTTTGATCCTGGCTCAG-3Ј) (14) , labeled with 6-carboxyfluorescein at the 5Ј end, and 926r (31) (5Ј-CCGTCAATTCCTTT(AG)AGTTT-3Ј). For the analysis of endophytic bacteria, it was important to avoid the amplification of smallsubunit rRNA genes derived from plant organelles. Therefore, the primer 799f [5Ј-AAC(AC)GGATTAGATACCC(GT)-3Ј] (10), which does not target the chloroplast 16S rRNA gene, in combination with primer pH (5Ј-AAGGAGGT GATCCAGCCGCA-3Ј) (14) was applied. Approximately 200 ng of fluorescently labeled PCR amplification products were digested with the restriction enzyme AluI (Gibco BRL). Aliquots of 0.75 l were mixed with 1 l of loading buffer (diluted five times in deionized formamide; Fluka) and 0.3 l of the DNA fragment length standard (Rox 500; PE Applied Biosystems, Inc., Foster City, Calif.). Mixtures were denatured for 2 min at 92°C and immediately chilled on ice prior to electrophoretic separation on 5% polyacrylamide gels. Fluorescently labeled terminal restriction fragments were detected using an ABI 373A automated DNA sequencer (PE Applied Biosystems, Inc.) in the GeneScan mode. Lengths of labeled fragments were determined by comparison with the internal standard using the GeneScan 2.5 software package (PE Applied Biosystems Inc.).
Terminal restriction fragments (T-RFs) between 35 and 500 bp long with heights of Ն50 fluorescence units were included in the analysis. Profiles were normalized according to the method of Dunbar et al. (13) .
Small-subunit rDNA clone libraries. 16S rRNA gene clone libraries were generated from total communities of DNAs isolated from the rhizosphere and endosphere (shoot-associated DNA). Rhizosphere 16S rRNA genes were amplified by PCR with the primers 8f and pH by using the conditions described above, whereas endophytic 16S rRNA genes were amplified by using the primer pair 799f and 1520r. Amplicons were ligated into the TpCR 4-TOPO vector (Invitrogen), and Escherichia coli DH5␣-T1 R (Invitrogen) was transformed with the ligation products according to the manufacturer's instructions. Sixty rhizosphere-associated colonies (obtained from the rhizosphere of plant I) and 80 shoot-associated colonies (obtained from shoots of plants III and V) were picked and resuspended directly in PCRs using the primers M13f and M13r and the conditions described above to amplify cloned inserts. PCR products were purified with the NucleoTraPCR kit (Macheroy-Nagel) according to the manufacturer's instructions and used as templates in sequencing reactions.
Theoretical terminal restriction fragment (T-RF) sizes of cloned sequences were determined after sequencing. However, since predicted and true T-RF sizes can differ up to several base pairs, clones were subjected to T-RFLP analysis in order to determine true T-RF lengths.
DNA isolation of bacterial isolates. For the isolation of genomic DNA from isolates, bacteria were grown until late exponential phase in 5 ml of tryptic soy broth in a rotatory shaker at 28°C. Cells were harvested by centrifugation for 10 min at 10,000 ϫ g at 4°C. After decanting the supernatant, 300-mg glass beads were added and DNA was isolated as described above.
PCR-RFLP analysis of the 16S rRNA gene and the 16S-23S rRNA IGS region. Restriction fragment length polymorphism (RFLP) analysis of the 16S rRNA gene was used to group isolates at the species level, whereas characterization of the 16S-23S rRNA intergenic spacer region (IGS) was applied to distinguish different strains of the same species. Small-subunit rRNA gene sequences were amplified as described above using the primer pair 8f and 1520r. The primers pHr (5Ј-TGCGGCTGGATCACCTCCTT-3Ј) and P23SR01 (5Ј-GGCTGCTTC TAAGCCAAC-3Ј) (38) were used for the amplification of the 16S-23S IGS. Aliquots of PCR product containing 200 ng of amplified DNA were digested with 5 units of the endonucleases and AluI (Gibco BRL) individually for 3 h at 37°C. The resulting DNA fragments were analyzed by gel electrophoresis in 2.5% agarose gels. A representative isolate of each IGS type was identified by partial 16S rRNA gene sequence analysis.
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DNA sequencing. For sequence analysis, 16S rRNA genes were PCR amplified under the conditions described above. PCR products were purified using the NucleoTraPCR kit (Macheroy-Nagel) according to the manufacturer's instructions and used as templates in sequencing reactions. Partial 16S rDNA sequencing was performed by applying the primer 518r (5Ј-ATTACCGCGGCTGCTG G-3Ј) (31) (rhizosphere bacteria and clones) and primer pH (endophytes and shoot-associated clones) by the dideoxy chain termination method (48) using an ABI 373A automated DNA sequencer and the ABI PRISM BigDye terminator cycle sequencing kit (PE Applied Biosystems, Inc.). Sequences were subjected to BLAST analysis (3) with the National Center for Biotechnology Information database. All sequences were submitted to the RDP-II Check Chimera program (37) in order to detect chimeric sequences.
Heavy metal tolerance and siderophore and ACC-deaminase production. For determining the MIC of Ni, strains were cultivated on a phosphate-poor morpholinepropanesulfonic acid medium containing 0.1% glucose (43) or 0.5% glucose (strains iRIII19, iRIII6, iRIII7, and iRII17) instead of using the rather rich TSA medium in order to avoid complexation of Ni. MICs were determined by growing strains on morpholinepropanesulfonic acid medium with increasing concentrations (1, 3, 5, 10, 12, and 15 mM) of NiCl 2 . Siderophore production was measured by using a modified chrome azurol S agar plate assay according to the method of Milagres et al. (42) . Strains that were able to grow on minimal BD medium (7) containing 0.7 g of ACC liter Ϫ1 as the sole N source were considered ACC-deaminase positive.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the National Center for Biotechnology Information (NCBI) database under accession no. AY357950 to AY358019, AY359822 to AY359851, AY364015 to AY364083, and AY369236 to AY369238.
RESULTS
T-RFLP analysis. Community structures of plant-associated bacteria were determined by T-RFLP. Although plants were sampled several meters apart, similar T-RFLP patterns were obtained ( Fig. 1 ). Chromatograms showed mostly T-RFs of the same size which occurred in several cases in different abundances. In normalized rhizosphere T-RFLP profiles, a total of 112 fragments with fluorescence intensities higher than 50 were detected, and 103 of them were found in at least 3 rhizosphere samples.
For the T-RFLP profiling of shoot-associated bacteria, only two samples were analyzed because insufficient amounts of bacterial DNA were obtained. However, community fingerprints were comparable ( Fig. 1 ). Normalized sample profiles showed 15 T-RFs with more than 50 fluorescence units, and 10 of them were found in both samples.
Analysis of clone libraries. In order to identify the dominant bacteria associated with T. goesingense, 16S rRNA gene clone libraries were established and partial insert sequences were determined. From the rhizosphere, 47 nonchimeric 16S rRNA gene sequences were obtained, which were not evenly distributed among different bacterial divisions. Bacteria belonging to the Holophaga/Acidobacterium division accounted for 27% of the clones examined, whereas 22% could be classified as ␣-Proteobacteria. The remaining clones belonged to the high-GϩC gram-positives (16%), the Cytophaga/Flexibacter/Bacteroides division (10%), or the ␥-or ␤-Proteobacteria (8 and 4%) (Fig.  2) . Three clones showed highest homology to sequences of the Gemmatimonadetes. Not a single sequence of low-GϩC grampositive bacteria was obtained. Most rhizosphere sequences showed at least 95% similarity to known sequences in the NCBI database, whereas three sequences were only moderately (90 to 94%) related to known 16S rRNA genes. From surface-sterilized shoots, 76 nonchimeric sequences were obtained. The majority of clones affiliated with the ␣-, ␤-, ␥-, and ␦-Proteobacteria (20, 29, 12 , and 1%) and bacteria belonging to the Cytophaga/Flexibacter/Bacteroides division accounted for 17%. The remaining clones belonged to the low-GϩC grampositives (12%), the Holophaga/Acidobacterium division (5%), and the high-GϩC gram-positive species (4%) (Fig. 2) . Four shoot-associated 16S rRNA gene sequences showed only 90 to 93% homology to published sequences, whereas the remaining sequences were highly related (at least 95%) to NCBI entries.
Predicted and true T-RF sizes of clones generally differed by Ϯ2 bp, and in rare cases differences of up to 5 bp were observed. True T-RF sizes were compared with T-RFLP community fingerprints in order to determine the identity of dominant peaks. In rhizosphere samples, for most peaks higher than 1,000 fluorescence units and several peaks higher than 500 fluorescence units, corresponding 16S rRNA gene sequences were found (Table 1) . Results showed that the Holophaga/Acidobacterium division was highly abundant in the rhizosphere as well as Verrucomicrobia, ␣-Proteobacteria, high-GϩC gram-positive species, and the Cytophaga/Flexibacter/ Bacteroides division (Fig. 1) . Due to the generally lower level of diversity of endophytes than of rhizosphere bacteria and the higher number of clones analyzed, all dominant T-RFLP peaks of the shoot-associated microflora could be identified by corresponding 16S rRNA gene sequences (Table 2) . Comparison between clones and fingerprints indicated a dominance of mainly Proteobacteria; however, gram-positive species, the Cytophaga/Flexibacter/Bacteroides, and the Holophaga/Acidobacterium division were abundant as well (Fig. 1) . A high number of 16S rRNA gene sequences with a T-RF size of 47 bp showed high homology to Sphingomonas sp. strain eh2, Sphingomonas sp. strain M3C203B-B, or clone Ape2_63 (again with high homology to Sphingomonas sp. strain eh2). However, all of these sequences were different but highly related to each other.
Isolation and identification of plant-associated bacteria. The average numbers of CFU g of rhizosphere soil
Ϫ1 formed by rhizosphere bacteria on 1/10-strength TSA amended with 5 and 10 mM NiCl 2 were 2.9 ϫ 10 5 and 2.8 ϫ 10 4 . Endophytes formed 2.2 ϫ 10 3 and 5.6 ϫ 10 2 CFU g of shoot weight Ϫ1 on Ni-amended plates. Seven morphology types were found among rhizosphere isolates, whereas endophytes showed three types. Several colonies of each morphology type were picked, resulting in 50 Ni-resistant colonies formed by rhizosphere bacteria and 62 endophytes which were further analyzed. Rhizosphere bacteria could be grouped in 17 16S rRNA types and 25 IGS PCR-RFLP types (Table 3) , whereas endophytes consisted of 15 16S rRNA types and 22 IGS PCR-RFLP types (Table 4) . Isolates were further characterized by partial sequencing of the 16S rRNA gene. The majority of rhizosphere strains belonged to the high-GϩC gram-positives and the ␣-Proteobacteria. One isolate fell into the Cytophaga/Flexibacter/Bacteroides division. Three genera were highly abundant among rhizosphere isolates-Methylobacterium (26%), Rhodococcus (30%), and Okibacterium (26%) ( Table 3) . Endophytes were mainly the ␣-Proteobacteria and high-GϩC gram-positive bacteria. The majority of isolates (42%) showed high level of similarity to Methylobacterium mesophilicum or clone D9, which is highly related to that species. In addition, Sphingomonas sp. strains were highly abundant (37%). Remaining endophytes showed high homology to the genera Rhodococcus, Curtobacterium, and Plantibacter (Table 4 ). All isolates except isolate iRIII15 showed at least 97% homology to known 16S rRNA genes.
Nickel resistance and siderophore and ACC deaminase production. Representative isolates of each IGS type were analyzed regarding characteristics that may be relevant for the survival and interaction of T. goesingense and the associated microflora. Sixteen strains out of twenty-five tested tolerated a maximum of 5 mM Ni, whereas the remaining isolates tolerated 10 to 12 mM Ni. Five rhizosphere strains belonging to different phylogenetic groups showed ACC deaminase activity. Except isolates iRIV11 and iRV12, all rhizosphere bacteria analyzed were able to produce siderophores (Table 3) . For 8 endophytes out of 22 strains, the MIC was 5 mM; the remaining isolates were able to tolerate 10 to 12 mM Ni. Eight isolates-again belonging to different genera-showed growth on ACC as sole N source. All endophytes were able to produce siderophores (Table 4) . shoots and therefore provide a specific environment for bacterial endophytes. Furthermore, the rhizosphere of hyperaccumulators typically contains large concentrations of easily bioaccessible heavy metal concentrations (39), providing a niche for heavy metal-resistant bacteria. A cultivation-independent approach was chosen in order to identify the dominant bacterial species colonizing the rhizosphere and shoots of the hyperaccumulator T. goesingense when grown in an ultramafic soil containing high Ni concentrations. Emphasis was put on the analysis of bacterial endophytes, since they have intimate contact with the plant, must be able to tolerate high Ni concentrations, and have also been reported to confer plant beneficial effects. Yet endophytes rarely have been approached by cultivation-independent methods. Flowering plants were investigated because this stage of plant development is considered to be characterized by high levels of physiological activity and hyperaccumulation of Ni; however, it may be that the plant-associated bacterial populations fluctuate with plant growth stage and season. The rhizosphere of T. goesingense hosted a broad diversity of bacteria that were able to live in this extreme environment.
High abundance was encountered for ␣-Proteobacteria, high-GϩC gram-positives, and bacteria showing closest similarity to the Holophaga/Acidobacterium division. This last phylum contains very few known cultivated species but has been found to be highly abundant in many soils worldwide (28, 35, 50) . The ecological function of Acidobacterium bacteria in soils and rhizospheres is largely unknown; however, this study suggests that several strains belonging to this division are able to tolerate high Ni concentrations. A comparison between T-RFs of clones and T-RFLP profiles confirmed the dominance of ␣-Proteobacteria, high-GC gram-positives, and the Holophaga/ Acidobacterium division in the rhizosphere of T. goesingense but also suggested a high abundance of Verrucomicrobia. Community fingerprinting by T-RFLP analysis indicated a lower level of diversity of shoot endophytes compared to rhizosphere bacteria; however, a different primer pair (799f and 1520r for endophytes, 8f and 926r for rhizosphere bacteria) was used for the amplification of bacterial 16S rRNA genes in order to avoid the amplification of plant-derived small-subunit rRNA genes. The 799f primer was particularly designed for the anal- a Tentative phylogenetic placement and percent similarity values were determined by BLAST and are based on approximately 500 bp of the 16S rRNA gene sequence for each clone. b Uncult., uncultured; bact., bacterium; ferromang., ferromanganous; micronod., micronodule; ␥-prot., ␥-proteobacterium; actinobact., actinobacterium. BACTERIAL COMMUNITIES OF THLASPI GOESINGENSEysis of endophytes and was found to be highly specific for bacterial sequences except those of Verrucomicrobia, cyanobacteria, spirochetes, and all Obsidian Pool candidate divisions originally detected in a Yellowstone Hot Spring (10). T-RFLP analysis of rhizosphere samples using the 799f and 1520r primer pair resulted in a smaller number of T-RFs than when the 8f and 926r primer pair was applied (results not shown), indicating that the primer pair applied may have underestimated the diversity of bacteria associated with shoots. Cloning and sequencing of endophytic 16S rRNA genes showed that a high number of different divisions, genera, and species are able to colonize T. goesingense shoots despite extremely high Ni concentrations. Six divisions were represented in the clone library, with the majority (67%) of clones clustering with the ␣-,␤-, and ␥-Proteobacteria. This is in agreement with previous studies showing that the interior of plants is preferentially colonized by Proteobacteria (10, 18, 51) . Striking was the high abundance of sequences showing closest similarity to the genus Sphingomonas (Sphingomonas sp. strain eh2, Sphingomonas sp. strain M3C203B-B, and clone Ape2_63) ( Table 3) . Related or identical endophytic Ni-resistant Sphingomonas strains were also isolated from T. goesingense shoots. Similarly, heavy metal-resistant Sphingomonas spp. had been isolated from roots and shoots of the Zn hyperaccumulator Thlaspi caerulescens (33) . Furthermore, Abou-Shanab et al. (2) reported that a Ni-resistant Sphingomonas macrogoltabidus strain, which was obtained from the rhizosphere of the Ni hyperaccumulator Alyssum murale, increased the uptake of the heavy metal by the plant when bacteria were inoculated onto surface-sterilized seeds before growth in nonsterile soil. However, the mechanism of this effect is still unclear.
Although it has been reported that endophytes represent a subset of rhizosphere bacteria (19, 30, 41) , this study clearly indicates that the plant apoplast (including eventually the phylloplane) and the rhizosphere are colonized by highly different bacterial populations, which can be explained by the fact that both habitats provide distinct growth conditions for microorganisms. Low-GϩC gram-positives belonging to the genus Bacillus were found to be associated with T. goesingense shoots; however, no low-GϩC gram-positives were found in the rhizosphere 16S rRNA gene clone libraries. Similarly, the grampositive bacteria associated with the surface and interior of maize roots were affiliated closely with Bacillus and Paenibacillus (10) . High-GϩC gram-positive bacteria were frequently detected in the rhizosphere, but they represented only a minority among endophytes. For the first time, endophytic bac- teria belonging to the Holophaga/Acidobacterium division were found, although they were more abundant in the rhizosphere than in association with shoots. Cultivation-independent analysis indicated the presence of several novel species and genera in association with T. goesingense, since their 16S rRNA gene sequences showed low homology to known genes. In general, T-RFLP community profiles and clone libraries matched well, and clones corresponding to the dominant T-RFLP peaks were found. T-RFs that were not found in the clone library may represent pseudo-T-RFs, additional secondary T-RFs that derive from partially single-stranded amplicons (15) . Alternatively, the analysis of more clones may be required to correlate all peaks with specific 16S rRNA gene sequences. From the cultivationindependent analysis it is not clear whether all detected bacteria are actually resistant to Ni or whether the heavy metal can be located in different microhabitats than the bacteria. In soil the heavy metal may be bound to particular particles or concentrated in specific pores, whereas some bacteria may be present at Ni-free sites. In T. goesingense about 70% of total leaf Ni was found to be localized in the apoplast or bound to cell wall material (27) , suggesting that bacterial endophytes are confronted with high Ni concentrations.
Characterization of cultivated plant-associated bacteria. Cultivation-independent analysis generally does not give any information on the function of individual community members. Therefore, Ni-resistant bacteria associated with T. goesingense were isolated, identified by partial 16S rDNA sequencing, and characterized regarding traits that may support the hyperaccumulation or stress tolerance of the associated plant. The rhizosphere as well as the interior of shoots hosted a large number of different culturable bacterial strains that showed high Ni resistance. In general, endophytes were able to tolerate larger concentrations of Ni than rhizosphere bacteria, indicating an adaptation of the endophytic microflora to the large heavy metal concentrations present in T. goesingense shoots. Almost all strains obtained were able to produce siderophores in the absence of iron. Siderophores may be important for the mobilization of the heavy metal in the rhizosphere. They show high affinity for ferric iron but also form complexes with bivalent heavy metal ions (16) that can be assimilated by the plant. Furthermore, heavy metals have been shown to stimulate the production of bacterial siderophores (54) . In addition, bacterial siderophores can alleviate heavy metal toxicity by increasing the supply of iron to the plant (8, 9) . Among endophytes, siderophore production may be a common phenotype, since almost all strains isolated from surface sterilized and aseptically peeled potato shoots were able to produce siderophores (52) . Endophytes have to compete with plant cells for Fe supply, and therefore, siderophore production may be highly important for endophytic growth. However, the formation of siderophore-Ni complexes in the apoplast may also lead to decreased Ni toxicity. Similar effects were previously observed for some plant species, where root exudates contributed to reduced metal toxicity; e.g., of Al in maize plants (26) and of Ni in Thlaspi arvense (45, 47) .
Heavy metals can induce ethylene production in plants (55) , and an excess of stress ethylene can inhibit plant growth (1). It has been reported that ACC-utilizing bacteria promote plant growth in heavy metal-contaminated soils (6, 8, 9) . Consequently, bacterial ACC deaminase production may also support growth of T. goesingense in this extreme environment. Furthermore, the observed stimulated root elongation by ACC deaminase-producing bacteria (6, 20) may result in enhanced Ni uptake in T. goesingense. Our results showed that the capacity to utilize ACC is not restricted to specific phylogenetic groups, which is in agreement with the findings of Belimov et al. (6) . It is evident from this study that the ability to produce ACC deaminase is strain dependent. Interestingly, a higher percentage of endophytes (36%) than of rhizosphere bacteria (20%) showed ACC deaminase activity. This may be explained by the more intimate relationship of endophytes with the plant and the better availability of ACC that may favor the growth of utilizing bacteria. However, these percentages are based on a rather small number of strains, and further testing would be required in order to verify this assumption. Similar to the results obtained by cultivation-independent analysis, analysis of isolates showed that the rhizosphere and shoots of T. goesingense hosted different microbial populations, although the genera Methylobacterium and Rhodococcus were isolated from both niches. Sphingomonas spp. were exclusively found in association with the interior of shoots. The rhizosphere hosted a higher percentage of high-GϩC gram-positive bacteria and a smaller amount of ␣-Proteobacteria than the endosphere of T. goesingense, which is in agreement with the cultivation-independent analysis. Bacillus spp. were not isolated, although they were abundant in 16S rRNA gene clone libraries of shoot-associated bacteria and are generally considered culturable. These strains may be sensitive to Ni, may not be able to grow under the conditions used, or may eventually have entered a viable-but-nonculturable state. The high abundance of highly Ni-resistant pink-pigmented Methylobacterium spp. in the rhizosphere and particularly in the interior of T. goesingense shoots was striking. Most endophytic methylobacteria were affiliated with Methylobacterium mesophilicum and showed very high homology to a Zn-resistant strain isolated from a Japanese soil (see accession no. AJ400919), whereas Methylobacterium extorquens was more abundant in the rhizosphere. Similarly, Lodewyckx et al. (33) isolated a large number of heavy-metal-tolerating methylobacteria from shoots of the Zn hyperaccumulator T. caerulescens, but they were not found in association with roots. Methylobacterium spp. have been reported to interact with plants (4, 22) and even have been detected within cells of the Scoth pine (44) . There is evidence that several pink-pigmented Methylobacterium strains produce plant hormones, such as cytokinins (22, 23) and indole acetic acid (25) . Genome sequencing of an M. extorquens strain revealed a number of open reading frames with significant homology to Rhizobium and Agrobacterium genes involved in the interaction with plants (29) , suggesting an intimate relationship with plants. Since some methylobacteria associated with T. goesingense showed ACC deaminase activity and produced siderophores, they may have exhibited a beneficial effect on plant growth.
Conclusions. Our results demonstrate that highly diverse microbial communities live in association with the Ni hyperaccumulator T. goesingense and can withstand the high heavy metal concentrations. Only a minor proportion of the bacteria identified by cultivation-independent analysis could be isolated on TSA medium amended with Ni, but nevertheless, the uncultured microflora may exhibit beneficial traits. Functional analysis of isolates revealed several characteristics that potentially support the uptake of the heavy metal by the plant and the reduction of stress symptoms. Whiting et al. (59) showed that soil bacteria increased bioavailable Zn significantly, leading to a fourfold-enhanced accumulation of the heavy metal by T. caerulescens. Similarly, Abou-Shanab et al. (2) reported the importance of bacteria for Ni uptake in the hyperaccumulator A. murale. Nevertheless, the mechanisms by which plant-associated bacteria, in particular endophytes, can support the hyperaccumulation process are not fully understood. Modification of metal speciation by endophytic siderophores and of the bioavailability of such metal species should be considered in experiments establishing metal uptake kinetics of hyperaccumulator plants. Such experiments are typically conducted in hydroponic cultures without consideration of rhizosphere and endophytic microbes. Future work will address the effect of selected bacteria on plant growth and the uptake of heavy metals by the plant as well as the mechanisms involved.
